Abstract: Hydraulic fracturing (or fracking) of substrates and proppants into contaminated soils is a developing, but understudied, practice of stimulating in situ bioremediation. In this work, three different purities of the substrate crab shell chitin , two proppant loadings (sand:chitin mass ratios of 5∶1 and 15∶1), and three chloroethene concentrations (1 and 10 mg∕L trichloroethene, and 1:5 mg∕L cis-1,2-dichloroethene) were experimentally and statistically examined to determine their effects on halorespiration. The least refined crab shell, SC-20, produced the greatest variety of electron donors, converted the highest percentage of contaminant mass to ethene, and supported a significantly greater Dehalococcoides population than the other substrates. Although influent chloroethene concentration and proppant loading did not significantly affect halorespiration (p-values > 0:079), decreasing the proppant loading from 15∶1 to 5∶1 increased the longevity of electron-donor production. These results indicate that funds need not be expended for purification of crab shell substrates, and that SC-20 should be used with proppant loadings of 5∶1 or lower to maximize the duration of electron-donor production at sites with potential biodegradation rate limitations.
Introduction
Trichloroethene (TCE), a persistent groundwater pollutant, is currently one of the most prevalent contaminants found in industrialized countries (He et al. 2003a; Stroo et al. 2003; Guilbeault et al. 2005; McKnight et al. 2010 ). According to the Agency for Toxic Substances and Disease Registry (ATSDR), TCE and its chlorinated ethene daughter products, cis-1,2-dichloroethene (cDCE) and vinyl chloride (VC), have been detected at 60, 10, and 37% of the National Priorities List (NPL) sites, respectively (Griffin et al. 2004) . Traditional remediation strategies, such as pump and treat, are not only costly and generally inefficient at removing dense nonaqueous phase liquids (DNAPLs) like TCE (He et al. 2003a; Quinn et al. 2005) , but also tend to transfer the contaminant from one phase to another versus complete destruction (Freedman and Gossett 1989) .
One potential alternative to the conventional treatment of chlorinated ethenes is in situ bioremediation using halorespiring bacteria, like Dehalococcoides ethenogenes (Fennell et al. 2004) , which couple the energy released during reductive dehalogenation with growth (Löffler et al. 1999 ) by using a chlorinated ethene as a terminal electron acceptor (Major et al. 2002) . Although the potential for complete destruction of the contaminant makes in situ bioremediation an attractive alternative, the unavailability of appropriate electron donors generally limits natural attenuation in subsurface environments (He et al. 2002) . Soluble electron donors such as molasses (Kao et al. 2003) , glucose (He et al. 2002) , ethanol (Fennell et al. 1997) , and lactate (de Bruin et al. 1992 ) have been applied to contaminated aquifers to overcome electron-donor limitations and effectively enhance anaerobic reductive dechlorination (ARD), but these substances degrade quickly and require continuous or semicontinuous addition to the subsurface, increasing operation and maintenance expenditures, and material costs. As a result, interest has increased in the application of slow-release electron donors such as tetrabutoxysilane (TBOS) (Seungho and Semprini 2009; Yu and Semprini 2002) , emulsified soybean oil (Long and Borden 2006) , olive oil (Yang and McCarty 2002) , vegetable oil (Bell et al. 2001; Wiedemeier et al. 2001) , oleate, and cell biomass (Yang and McCarty 2000) . Slow-release substrates provide a sustained, continuous source of electron donors [like volatile fatty acids (VFAs)] and hydrogen (H 2 ) to the contaminated zone without active maintenance, which can increase the effectiveness and reduce the overall cost of remediation.
Another slow-release electron donor that has recently been applied for passive bioremediation is chitin (Harkness et al. 2003) . Chitin, derived from the shell material of crustaceans such as crab and shrimp, is the second most abundant biopolymer on earth after cellulose (Beaney et al. 2005) . With a chemical formula of C 8 H 13 NO 5 (6-7% nitrogen), chitin has a nearly ideal carbon-tonitrogen ratio for bacterial growth (Harkness et al. 2003) . Because of the abundance of this material as a waste product of the shellfish industry, availability is not limited and costs are low. Different grades (i.e., purities) of chitin are available, and the associated cost increases with the extent to which the raw shell material is refined. In its natural form, the crustacean shell is a porous solid consisting primarily of calcium carbonate (CaCO 3 ), protein, and chitin. The least refined and least expensive grade of chitin is crushed and dried crustacean shell, and contains all three components (CaCO 3 , protein, . The next refined grade of chitin is produced through a caustic wash to remove 1 the protein (leaving CaCO 3 and ∼40% chitin ¼ SC-40), and the most refined grade is produced by applying a strong acid to remove the CaCO 3 (leaving > 80% chitin ¼ SC-80). With each refinement, the cost of chitin increases from $1:00-1:25∕lb, to $2:50-3:00∕lb, and finally to $4:00-6:00∕lb for SC-20, SC-40, and SC-80, respectively (JRW Bioremediation, personal communication, 2010) .
Successful results have been obtained using crab shell chitin for anaerobic dechlorination of TCE (Jacob et al. 2005) , tetrachloroethene (PCE) (Brennan et al. 2006a) , chlorinated volatile organic compounds (VOCs) (Price 2007) , PCE and 1,1,1-trichloroethane (1,1,1-TCA) (Buser et al. 2010) , and for denitrification (RobinsonLora and Brennan 2009a) and acid mine drainage remediation (Daubert and Brennan 2007; Venot et al. 2008; Brennan 2009b, 2010; Newcombe and Brennan 2010) . In all of these studies, SC-20, rather than SC-40 or SC-80, was used to keep material costs low, but the potential benefit of using a higher-purity chitin was not examined. In addition, previous studies mixed the crab shell particles with sand as a proppant to maintain hydraulic conductivity following hydraulic fracturing (or fracking) of the mixture into contaminated soils, but an evaluation of the effect of the proppant loading (sand:chitin ratio) on dechlorination has yet to be performed. While the distribution of Dehalococcoides in laboratory columns receiving a continuous feed of chitin fermentation products and 3:7 mg∕L (22 μM) PCE was evaluated (Brennan 2003; Brennan et al. 2006a) , the response of the organisms to chitin purity, proppant loading, and other chloroethene types and concentrations was not examined. To assist practicing engineers with future application of this substrate, further study of these variables is warranted.
To fill these knowledge gaps and develop the commercialization potential of crab shell chitin as a substrate for the remediation of sites contaminated with chlorinated solvents, Phase I and Phase II small business innovation research (SBIR) grants were obtained from the National Science Foundation (NSF) in collaboration with North Wind, Inc. In the Phase I grant, SC-20 was mixed in a sandwater slurry and emplaced into low permeability, variably saturated sediments at the Distler Brickyard Superfund site (Hardin County, Kentucky) in July 2001 using a pilot test of the Bio-Frac hydraulic fracturing process Sorenson et al. 2002) . The groundwater at this site was contaminated with relatively low levels of cDCE (∼400 μg∕L, ∼4 μM) and TCE (< 15 μg∕L, < 0:11 μM); however, both were at concentrations in excess of federal maximum contaminant levels (70 and 5 μg∕L, respectively), despite almost a decade of pump and treat remedial activities. The predominance of biogenic cDCE indicated the presence of indigenous dechlorinating bacteria at the site, presumably inhibited by a lack of suitable electron donor (Sorenson et al. 2002) , and analysis of soil samples in the laboratory confirmed the presence of Dehalococcoides sp. at the site. After the Phase I injection of SC-20, chitin fermentation products and halorespiration of cDCE to ethene were observed within 1 month, proving the potential of the substrate and the injection method (Sorenson et al. 2002) . A follow-up Phase II study was funded to evaluate and improve the commercial viability of the Bio-Frac technology by generating remediation performance data. During Phase II, different grades of crab shell chitin were injected at different locations throughout the site (Lebow and Starr 2005) . After the Phase II injection of SC-20, increases in VFA and ethene concentrations were observed within just 1 week, and were sustained for 8-12 months (Martin et al. 2004; Lebow and Starr 2005) . To fully meet the objectives of the Phase II study, the laboratory studies described in this paper were also conducted to evaluate different process configurations including chitin purity, proppant loading, and type and concentration of contaminant.
The purpose of this work was to examine the effect of chitin purity, proppant loading, and contaminant feed on the rate and extent of halorespiration through chemical and molecular analyses. The concentrations of chlorinated solvents and chitin fermentation products were monitored over time, and Dehalococcoides sp. numbers were quantified at the conclusion of the experiment to evaluate the effect of the treatment on bioremediation. Because of its more complex composition, it was hypothesized that the cheaper, less refined SC-20 would provide a more diverse suite of electron donors and support an equivalent or higher number of Dehalococcoides spp. with greater dechlorination activity than the more refined and costly SC-40 and SC-80. If true, then the use of SC-20 would be justified, and electron-donor costs using chitinous materials could be significantly decreased in future field-scale applications. It was also hypothesized that decreasing the proppant loading would extend the longevity of electron-donor production, and the use of crab shell substrate would effectively enhance dechlorination of both TCE and cDCE at various concentrations.
Materials and Methods

Chemicals and Substrates
Both TCE and cDCE were purchased from VWR International (West Chester, Pennsylvania). Both VC and ethene gases were purchased from Alltech Associates (State College, Pennsylvania). Volatile fatty acid standards were created from a 10 mM volatile acid standard mix obtained from Supelco (Bellefonte, Pennsylvania). The chitin sources were derived from Dungeness crab shells, and used as received from the distributors: SC-20 and SC-40 were donated by JRW Bioremediation, LLC (Lenexa, Kansas), and SC-80 was provided by Vanson (Redmond, Washington). Limestone (0.35-1.0 mm chips, 49.6% CaCO 3 , donated by Prairie Central, Illinois) was added to all treatments to maintain a baseline buffering capacity, regardless of the CaCO 3 content of the substrate, to help avoid extreme hydrogen ion concentration (pH) changes created by fermentation (VFAs) and halorespiration (HCl). Silica sand (16-20 mesh, donated by Badger Mining Corp., Berlin, Wisconsin) was used as an inert proppant in the column study to maintain hydraulic conductivity. All other chemicals used were reaction grade or higher quality.
Medium Preparation
A reduced anaerobic basal salt medium was prepared for use in this study (Brennan and Sanford 2002 O, and 0.5-g NaOH); 0.25-mL resazurin (0.1% solution); 0.031-g L-cysteine; 0.016-g Na 2 S; 2.52-g NaHCO 3 ; 0.007-g Na 2 SO 4 . The medium was prepared by adding the first four components to 1 L of distilled deionized water, boiling, cooling under a nitrogen gas purge, and then adding the remaining components. A 20% CO 2 , 80% N 2 purge was used to adjust the pH to approximately 7.2. The prepared medium was then transferred to N 2 ∕CO 2 purged, 160-mL serum bottles, and sterilized in an autoclave.
Dechlorinating Cultures
A mixed Dehalococcoides culture (BDI culture) capable of complete dechlorination of TCE to ethene (kindly provided by Dr. Frank Löffler, then at the Georgia Institute of Technology), was used in all experiments. The BDI culture is a commercially available dechlorinating microbial consortium that contains Dehalococcoides sp. strains FL2 (He et al. 2003a ), BAV1 (He et al. 2003b) , and GT ). Strain FL2 is physiologically similar to Dehalococcoides ethenogenes except it is not able to convert PCE to TCE at high rates (Löffler et al. 2000; Smidt and de Vos 2004) . Strain BAV1 has been identified to utilize cDCE and VC metabolically as electron acceptors for growth (Cupples et al. 2003; He et al. 2003a, b; Smidt and de Vos 2004) . The more recently identified GT strain is capable of metabolically degrading TCE to ethene Ritalahti et al. 2006) . The mixed BDI culture was maintained in an enriched basal salt medium containing 0.3 mM TCE and 5 mM lactate, and was periodically transferred as needed.
Microcosm Study
A microcosm study was conducted to rapidly evaluate the effectiveness of three different grades of crab shell chitin at supporting the halorespiration of 10 mg∕L (76 μM) TCE. Duplicate microcosms consisted of 160-mL glass serum bottles containing 100 mL of enriched basal salt medium in an N 2 ∕CO 2 headspace sealed with butyl rubber stoppers and aluminum crimp caps (Brennan et al. 2006a) . Each serum bottle received 0.05-g substrate (SC-20, SC-40, or SC-80) and 0.01-g limestone, and was inoculated (5% v∕v) with the BDI culture. Trichloroethene was periodically replenished as levels became exhausted by spiking the medium with 0.75-μL neat TCE, to give an aqueous concentration of ∼76 μM. This was later discontinued to eliminate the preferential use of TCE over daughter products as the electron acceptor. Initially, liquid samples were withdrawn every other day and replaced with an equal volume of nitrogen, removing a total volume of 80 mL over the course of 31 days. After day 31, the dechlorination process was allowed to continue undisturbed in the microcosms, until day 86, at which time one final liquid sample (5 mL) was withdrawn.
Semicontinuous Column Study
A semicontinuous column study was conducted to evaluate three different grades of crab shell chitin (SC-20, SC-40, SC-80) at two different proppant loadings (sand∶chitin mass ratios of 5∶1 and 15∶1). The columns were treated with basal salt medium containing one of the following chloroethenes: TCE at 7 μM (0:9 mg∕L), TCE at 100 μM (13 mg∕L), or cDCE at 16 μM (1:6 mg∕L). These concentrations were chosen to be representative of chloroethene concentrations commonly found in groundwater at contaminated sites (Lee et al. 2004; Mayer et al. 2001; Puls et al. 1999) . Control columns, which were not inoculated with the BDI culture, and a control column that did not contain chitin but was inoculated, were also evaluated. The full experimental design matrix is presented in Table 1 .
The experiment was performed in 25-cm-long by 1-cmdiameter stainless steel columns connected in pairs with stainless steel tubing (Brennan et al. 2006b ) as shown in Fig. 1 . The first, front columns (i.e., chitin columns) were wet packed with a mixture of silica (fracking) sand, chitin, and limestone chips as indicated in Table 1 , to represent the substrate injection zone. The second, back columns were similarly packed with approximately 20 g of silica sand only to represent downgradient aquifer materials. After packing, all columns were flushed with approximately three pore volumes of reduced basal salt medium to remove fines and ensure anaerobic conditions. The back columns were then inoculated with approximately 1.5 pore volumes of the BDI culture and allowed to incubate statically for 3-4 days before sampling. The sampling procedure consisted of pumping TCE-or cDCE-amended basal salt medium at a flow rate of 2:0 mL∕ min (8:33 cm∕ min) through the column pairs (front and back) every 2 days to exchange one pore volume (approximately 6 mL) using a Masterflex L∕S model 7519-06 cartridge pump (Cole-Parmer) equipped with Viton Note: The masses shown are for the #1, front (upgradient) columns only (see Fig. 1 ). a Inoculated into #2, back (downgradient) column only.
tubing. The effluent sample was collected in a 20-mL Perfektum glass syringe (Popper & Sons) from the end of the second (back) column. After collection, aqueous samples were analyzed for pH, fatty acids, and chlorinated ethenes. The columns were evaluated over a period of 172 days. For the first 47 days, sampling was conducted every other day. The time between sampling events was then extended to 5, 10, 20, and finally 30 days in an effort to increase ethene production. In addition, columns that did not exhibit any significant dechlorination activity by 33 days were allowed to incubate for 1 month before sampling was initiated again. At the conclusion of the experiment, the columns were preserved at À80°C for future deoxyribonucleic acid (DNA) extraction.
Analytical Methods
Chlorinated ethenes, ethene, and methane were measured with an Agilent model 6890N headspace gas chromatograph (GC) equipped with a GS-Q column (30-m length, 0.53-mm diameter, J&W Scientific) and a flame-ionization detector (FID). Aqueous samples (1 mL) were injected into 20-mL autosampler vials containing 0.002-g copper sulfate to inhibit microbial activity, and capped with Teflon-lined septa. The vials were equilibrated for 15 min at 70°C before automated injection by an Agilent G1888 Network Headspace Autosampler. Target analytes were separated using the following temperature program: initial hold at 35°C for 2 min, increase to 180°C at a rate of 45°C∕ min, hold for 2 min, increase at a rate of 45°C∕ min to 200°C, hold for 5.34 min. Ultrahigh-purity helium was used as the carrier gas at a flow rate of 22:6 mL∕ min. The VFA analysis was performed by a Waters 2695 highperformance liquid chromatograph (HPLC) equipped with an Aminex HPX-87H ion exclusion column and a photodiode array detector. Aqueous samples were placed in 2-mL Eppendorf tubes and stored at À20°C until analysis. Before analysis, the samples were thawed and centrifuged to remove any solids, and the supernatant (1.5 mL) added to 0.2 mL of 2.0 N H 2 SO 4 in 2-mL autosampler vials.
The pH of each sample was measured using a Fisher Accumet AB15 pH meter equipped with an Orion Thermo Electron combination pH electrode.
DNA Extraction
At the conclusion of the semicontinuous column experiment, DNA samples were extracted from the column packing materials to determine the relative abundance of Dehalococcoides sp. DNA was extracted from 1-2 g of wet column material collected aseptically from the influent and effluent ends of each inoculated (back) column using a MoBio UltraClean Soil DNA Isolation Kit (MoBio, Solana Beach, California) following the alternative protocol for maximum yields.
Polymerase Chain Reaction
The presence of Dehalococcoides 16S ribosomal ribonucleic acid (rRNA) genes in column samples was initially determined using a Dehalococcoides 16S rRNA gene-specific primer pair. The following oligonucleotides were used: 5′-GATGAACGCTAGCGGCG-3′ (forward primer; Dhc1F) and 5′-GGTTGGCACATCGACTTCAA-3′ (reverse primer; Dhc1377R) (Hendrickson et al. 2002) . Amplification reactions were performed in a total volume of 50 μL containing 5 μL of 10X buffer (USB, Cleveland, Ohio), 2 mM MgCl 2 (USB), 0.2 mM of each deoxynucleoside triphosphate (TaKaRa, Otsu, Japan), 1.25 units HotStart-IT Taq polymerase (USB), 6.5-mg bovine serum albumin (Roche, Indianapolis, Indiana), 0.8 μM of each primer (Integrated DNA Technologies, Coralville, Iowa), and 10 μL of template DNA. Positive controls for the polymerase chain reactions (PCRs) consisted of heat-lysed Escherichia coli clones with 16S rRNA gene inserts from Dehalococcoides sp. strain FL2 as the template DNA. Negative controls had no added template DNA. Polymerase chain reaction was performed in a Flexigene (Techne, Burlington, New Jersey) thermocycler under the following conditions: 94°C for 2 min (one cycle); 94°C for 1 min, 58°C for 1 min, 72°C for 2 min 10 s (30 cycles); 72°C for 7 min (one cycle). Polymerase chain reaction products (5 μL) were imaged by agarose gel electrophoresis to confirm successful amplification.
Quantitative Polymerase Chain Reaction
Real-time PCR was conducted using a linear hybridization probe (TaqMan) approach and oligonucleotides targeting 16S rRNA gene sequences of members of the Dehalococcoides group as described by He et al. (2003a) and Ritalahti et al. (2006) . The following oligonucleotides were used: 5′-CTGGAGCTAATCCCCAAAGCT-3′ (forward primer; Dhc1200F), 5′-CAACTTCATGCAGGCGGG-3′ (reverse primer; Dhc1271R), and 5′-TCCTCAGTTCGGATTG CAGGCTGAA-3′ (probe; Dhc1240Probe) (He et al. 2003a; Ritalahti et al. 2006 ). The reporter fluorochrome on the 5′ end of the probe was 6-carboxy-fluorescein (FAM), and the quencher on the 3′ end was N,N,Nʹ,Nʹ-tetramethyl-6-carboxy-rhodamine (TAMRA). Each well of a 96-well plate (VWR International) contained a total reaction volume of 30 μL containing 15 μL 1X iQ Supermix (Bio-Rad, Hercules, California), 300 nM of each primer and probe (Sigma-Genosys, The Woodlands, Texas), and 1 μL of template DNA. Polymerase chain reaction was conducted using a spectrofluorimetric thermal cycler (iCycler, Bio-Rad) with cycle parameters as described by He et al. (2003a) . The target DNA used for quantitative polymerase chain reaction (q-PCR) standard curves were plasmid TOPO TA pCR4 (Invitrogen, Carlsbad, California) inserts containing cloned 16S rRNA gene fragments from Dehalococcoides-specific PCR products inserted into chemically competent E. coli cells. A QIAprep Spin Miniprep Kit (QIAGEN, Valencia, California) was used to extract vectors from the E. coli host. Plasmids were extracted into 50 μL of Tris buffer (10 mM Tris·Cl, pH 8.5) and quantified spectrophotometrically at 260 nm. Calculation of DNA concentration was determined using the formula DNA ðng∕μLÞ ¼ optical density at 260 nm × 50 × dilution factor (Ausubel et al. 1997) . Plasmid insert sequences were verified by DNA sequencing (Nucleic Acid Facility, University Park, Pennsylvania). Calibration curves [arbitrarily set cycle threshold value [ðC t Þ] versus log gene copy number per μL] were created using serial dilutions of plasmids carrying a single, cloned Dehalococcoides target gene. The number of gene copies in a known amount of DNA and the number of target genes per gram of wet column materials were calculated using equations described by Ritalahti et al. (2006) . Amplifications were conducted in Fig. 1 . Semicontinuous column study experimental setup: #1, front column containing chitin, sand, and limestone; #2, back column containing sand, limestone, and inoculum triplicate along with negative controls (no template DNA, and template DNA from Desulfuromonas michiganensis strain BB1).
Statistics
Statistical analyses of the data were performed using Minitab software with one-way ANOVA and Tukey multiple comparison testing. A 95% confidence interval was selected for all analyses establishing a critical p-value of 0.05. Statistical analyses of chitin grade and proppant loading, and influent feed and concentration were conducted to assess whether the means of any of the compared groups were statistically different. If a significant difference (p < 0:05) was reported for the one-way ANOVA, a multiple comparison using the Tukey test was conducted to reveal which means were significantly statistically different.
Results and Discussion
Microcosm Study
Dechlorination
In the microcosm experiment, crab shell fermentation products promoted dechlorination of TCE ultimately to ethene in all of the bottles (Table 2 ). Higher ethene concentrations were observed at later times, indicating that dechlorination activity, or at least the extent of dechlorination, increased in the bottles with time. The greatest ethene production was observed in the SC-20 microcosms (20:98 AE 0:25 μmol∕bottle; average AE one standard deviation) followed by SC-80 (9:80 AE 8:05 μmol∕bottle), and finally SC-40 microcosms (6:99 AE 3:18 μmol∕bottle).
Fermentation Products
Some methane production (0.6-1.0 μM) was observed in all of the bottles, indicating that redox conditions were strongly reducing and favorable for reductive dechlorination. This level of methane production is consistent with that observed previously (Brennan et al. 2006a ), and does not represent a major loss of electrons toward methanogenesis (< 0:02% of total electron equivalents provided by the substrates). Fatty acid concentrations were observed to increase in all bottles by the second day. The type and magnitude of fatty acids produced were dependent on the chitin grade (Table 2 ). In the SC-20 microcosms, caprioate, acetate, and propionate were consistently observed, with average concentrations over the experiment of 1:52 AE 0:23, 0:65 AE 0:02, and 0:11 AE 0:005 mM, respectively. In the SC-40 and SC-80 microcosms, acetate dominated with average concentrations of 0:28 AE 0:01 and 1:50 AE 0:65 mM, respectively. Propionate was also detected in these microcosms, but at lower concentrations (≤ 0:2 mM).
Hydrogen Ion Concentration
The pH values for all grades of chitin in the microcosm experiment remained within the circum-neutral range of 7.3-7.8, with SC-20 and SC-40 remaining fairly stable, and SC-80 showing the greatest drop in pH over the course of the experiment (Table 2) . Despite the addition of limestone, the drop in pH observed for SC-80 was likely attributable to the lack of biogenic CaCO 3 in the substrate. Others in the lab have determined that the surface area and alkalinity production of raw crab shells (SC-20) are over an order of magnitude higher than that of powdered limestone (Robinson-Lora and Brennan 2009b), which explains the exceptional pH stability observed with SC-20 and SC-40 in this study. Typically, TCE dechlorination is most favorable near neutral conditions of pH 6-8 (Gerritse et al. 1999) , and all of the bottles in the microcosm experiment still remained within this range. Table 2 summarizes the performance of the different grades of chitin tested in the microcosm experiment in terms of average pH, VFAs, and ethene concentrations.
Semicontinuous Column Study
Dechlorination Dechlorination activity was observed in all of the semicontinuous columns, indicating that chitin should support dechlorination in the field for the range of contaminant concentrations tested (Fig. 2) . While neither crab shell purity and proppant loading (p-value = 0.079) nor contaminant feed (p-value = 0.091) appeared to significantly affect the magnitude of dechlorination products produced, the percentage of the contaminant in the influent converted to ethene was affected by contaminant feed concentration (p-value = 0.033). Comparison using the Tukey test revealed that the columns fed 7 μM TCE had significantly different ethene production (normalized as percentage of the influent concentration) than the columns fed 100 μM TCE. The columns that were fed 16 μM cDCE were not statistically different from either the 100 μM TCE or the 7 μM TCE fed columns.
Comparing all columns tested in this study, the greatest total ethene production was observed in the 5∶1 columns fed 100 μM TCE and loaded with SC-20 (106.44 μM), followed by SC-40 (88.2 uM), and finally SC-80 (18.2 μM) ( Table 3) . Although most of the columns exhibited some dechlorination activity of TCE to DCE and VC in the first 47 days of the experiment, significant ethene production was generally not observed until the incubation time was increased to at least 10 days. With longer incubation times, greater conversion to ethene was observed. Indeed, other studies have shown a delay in VC degradation to ethene until all other chloroethene compounds have been depleted (Maymó-Gatell et al. 1995) , and studies using the BDI culture in particular have noted a lag time in VC dechlorination of at least 10 days (He et al. 2003a) . Incubation time, rather than the grade of chitin, seemed to be a more accurate predictor of the onset of dechlorination activity: inoculated SC-20 columns generally had the shortest lag period before measurable ethene was produced (69 AE 10 days), whereas slightly longer, but statistically insignificant, lag phases were observed for the SC-40 and SC-80 columns (92 AE 15 days and 85 AE 25 days, respectively). The longer lag phase in the SC-40 and SC-80 columns may be attributable, in part, to the lower pH in these columns ("Hydrogen Ion Concentration" in "Results and Discussion"). The total chloroethene mass balance was generally greater than 83% for all columns. Lack of complete mass balance between chloroethene parent compounds and daughter products has also been observed at many field locations, leading to the suspicion that an anaerobic oxidizer of VC or cDCE must exist, although it has yet to be isolated (Gossett 2010) . Studies by Chapelle (1999a, b, 2000) reported the anaerobic biodegradation of VC to methane and carbon dioxide through acetotrophic methanogenesis, and predicted acetate to be a significant intermediate of the VC mineralization. These studies present a mechanism for anaerobic VC oxidation and may also explain the secondary increase in acetate (Fig. 3) observed in this study. In addition to potential VC oxidation, the low apparent production of ethene observed in the columns may also be attributable to sample loss as a result of the sampling procedure. Despite efforts to capture all the effluent from the columns, gases formed within the column were undoubtedly lost through the process of removing the end cap and attaching the glass collection syringe. It is also possible that low levels of oxygen inadvertently intruded into the columns during this sampling procedure. A study by Amos et al. (2008) found oxygen levels (even ≤ 4 mg∕L) significantly affected the dechlorinating ability of Dehalococcoides organisms in the BDI consortium. Nevertheless, trends in the dechlorination pathway and ethene production are still apparent between the different substrates.
Fatty Acid Production
As in the microcosm experiment, fatty acid concentrations were observed to increase in all of the semicontinuous columns by the second sampling event (total elapsed time of 4-5 days since chitin emplacement). Examples of typical fatty acid profiles for columns containing the three different grades of chitin are shown in Fig. 3 . Propionate concentrations were similar for the three grades of chitin throughout the semicontinuous column experiment with an average concentration of 2:22 AE 0:19 mM. The average concentration of butyrate was greatest in the SC-20 columns (7:99 AE 3:27 mM), followed by the SC-80 (2:99 AE 0:56 mM), and finally the SC-40 columns (2:06 AE 1:20 mM). In addition, methyl-butyrate and formate were also produced at early times (< 15 days), but at much lower concentrations (average concentration over the experiment generally < 1:5 mM). Methyl-propionate was also present, but was produced at the greatest concentration (∼2:0 mM) in the control column, which did not contain chitin, but was inoculated with the BDI culture that had been maintained on lactate as an electron donor. In the columns with higher proppant loadings of chitin (5∶1), an increase in fatty acid concentrations was observed when incubation times were increased from 2 to 10 days (Fig. 3) , indicating an excess of electron donor and a buildup of unutilized VFAs. Although the average acetate concentrations were similar for the three grades of chitin in the first 33 days of the experiment (14 AE 9 mM), acetate acid dominated toward the end of the experiment in all columns as the other VFAs were depleted.
The type, profile shape, and magnitude of fatty acids generated were primarily dependent on chitin grade and less dependent on proppant loading. For example, caprioate was the dominant fatty acid in the SC-20 columns (average concentration ¼ 47:17 AE 6:19 mM), but exhibited significantly lower average concentrations in the SC-40 columns (10:78 AE 1:69 mM), and was extremely low in the SC-80 columns (0:29 AE 0:11 mM). These results indicate that the production of caprioate in the SC-20 and SC-40 columns is not from chitin, but rather from residual protein that is removed during purification of chitin. Average methane concentrations in the columns ranged from 0.5 to 1:5 μM, in the aqueous phase (data not shown).
Carbon Balance A carbon balance was performed for each grade of chitin by comparing the total theoretical amount of carbon donated from chitin to the measured total amount of carbon associated with the fermentation products (Tables 3 and 4) . To determine the theoretical amount of carbon from chitin, column contents were weighed, Table 1 JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / AUGUST 2012 / 867
ashed (heated in a muffle furnace at 600°C for 24 h), rinsed with 1 þ 1 hydrochloric acid, dried, and reweighed to determine the mass of chitin lost attributable to fermentation during the experiment. This information was used to calculate the theoretical mass of carbon released from chitin using Eq. 
Approximately 48 AE 5:7%, 31 AE 2:9%, and 100 AE 1:4% of the original chitinous material was fermented in the SC-20, SC-40, and SC-80 columns, respectively. Statistical analyses verify that the amount of fermentation was significantly dependent on the grades of chitin and proppant loading (p-value = 0.001). Multiple comparisons with the Tukey test revealed that differences exist between the following groupings: SC-20 (5∶1) and SC-80 (5∶1); SC-20 (control columns, 15∶1) and SC-40 (5∶1); and SC-20 (15∶1) and SC-40 (15∶1). The analysis shows that more chitinous material was fermented with lower proppant loading (i.e., lower sand∶chitin ratio): SC-20 fermentation was higher in (5∶1) than in (15∶1), and SC-40 fermentation was higher in (5∶1) than in (15∶1).
Released carbon calculations on the basis of effluent VFA concentrations were found to be dependent on the grade of chitin, but independent of proppant loading. The amount of carbon calculated from effluent fermentation products was found to be in excess of what could be donated by just chitin in SC-20 and SC-40 columns, but less than what was available from chitin in the SC-80 columns (Table 4) . These results indicate that the majority of fermentation products released from SC-20 and some of the fermentation products released from SC-40 were likely derived from protein, and that 
The theoretical amount of fermented protein was calculated to be approximately 26:1 AE 3:2% and 1:2 AE 1:5% of the raw material for SC-20 and SC-40, respectively (Table 4) . These numbers are in agreement with information given by the manufacturer, who reports that SC-20 and SC-40 consist of 5-50% and 1-5%, respectively, of protein by weight (JRW Bioremediation, personal communication, 2010) .
The wide variety of fermentation products released by the anaerobic degradation of chitinous materials have the potential to be excellent electron donors for halorespiration. The primary sources of electrons for dehalogenating populations are acetate and hydrogen (H 2 ) (Smidt and de Vos 2004) . More complex VFAs, like propionate, butyrate, and caprionate, also have the potential to be excellent electron donors after they are further fermented to acetate and H 2 . Slowly degraded substrates such as butyrate and propionate, which only degrade in environments with low H 2 partial pressures, may give reductive dechlorinators an advantage over competing methanogens/acetogens by providing a slow and steady release of H 2 (Fennell et al. 1997; He et al. 2002; Smidt and de Vos 2004) . While not directly measured in this study, a previous work with crab shell chitin as a substrate was only able to quantify low levels of detectable H 2 (< 100 nM), presumably because of rapid utilization within the system (Brennan et al. 2006a) . Acetate is also a good electron donor for reductive dechlorination, and its oxidation has been shown to support the complete dechlorination of PCE to ethene in the presence of syntrophic microorganisms (He et al. 2002) . In previous experiments with chitin, acetate appeared to be the chitin fermentation product primarily responsible for observed dechlorination activity (Brennan et al. 2006a ). The research conducted by He et al. (2002) indicated that applying methods that increase the flux of both acetate and H 2 may be the most promising approach for supporting complete dechlorination at certain field locations.
Hydrogen Ion Concentration
Likely because of the presence of CaCO 3 in the shell material, the pH in columns containing SC-20 always remained within a tight range between 7.2 and 7.7 throughout the experiment (Fig. 4) . Although more variable due to chemical treatment during protein stripping, the columns containing SC-40 generally remained between 6.7 and 8, whereas the pH in columns with SC-80 approached 5.7 before stabilizing at approximately 6.1 by the end of the experiment (Fig. 4) . While the drop in pH observed in the SC-80 columns was not great enough to stop the dechlorination activity, it most likely impacted complete degradation, as the SC-80 columns displayed the lowest ethene production.
Quantitative Polymerase Chain Reaction Dehalococcoides sp. in the influent and effluent ends of each back column were quantified using real-time PCR on DNA extracted from column materials ( number of Dehalococcoides cells (assuming that one 16S rRNA gene copy = one cell) is affected to a greater extent by chitin purity than by the type of contaminant feed or proppant loading. The greatest number of Dehalococcoides (cells∕g) in each of the substrate types was 2:00E þ 07 (the influent end of SC-20 column 1), 3:66E þ 06 (effluent end of SC-40 column 4), and 2:85E þ 06 (effluent end of SC-80 column 12). Statistical analysis showed no significant differences in the number of Dehalococcoides in the effluent ends of the columns on the basis of chitin purity and proppant loading (p-value = 0.756) or contaminant feed and concentration (p-value = 0.179). Similarly, the number of Dehalococcoides in the influent ends of the columns was not affected by contaminant feed and concentration (p-value = 0.852); however, it was affected by chitin purity (p-value = 0.001). The mean number of Dehalococcoides cells in the influent end of columns with SC-80 grade chitin was significantly different from columns containing either SC-20 or SC-40. The average number of Dehalococcoides in the influent and effluent ends of all columns (±one standard deviation) is organized by substrate grade in Table 2 .
Some spatial trends in Dehalococcoides populations were also observed. The control column that did not contain chitin showed detectable numbers of Dehalococcoides in the influent end of the inoculated column. This indicates that the microorganisms were most likely deposited in this location during inoculation in all the columns. At the end of the experiment, greater numbers of Dehalococcoides were observed clustered near the influent of the SC-20 columns, whereas greater numbers were found at the effluent end of SC-80 columns, and a fairly uniform distribution was found in the influent and effluent sediments of the SC-40 columns (Fig. 5 ). This could be attributable to differences in the production of VFAs and pH associated with the different grades of chitin. The columns, being plug flow reactors, would have higher concentrations of electron donors (VFAs) and, therefore, lower pH near the influent end (Rittmann and McCarty 2001) , where the substrate and the inoculum were originally deposited. Because the optimum pH range for the growth of Dehalococcoides is between 6.8 and 7.5, the nonoptimal pH conditions within the SC-40 (pH ¼ 6:7) and SC-80 (pH ¼ 5:8) columns may have caused some of the detectable Dehalococcoides cells in the SC-40 columns and all of the detectable Dehalococcoides cells in the SC-80 columns to detach from the sediments near the influent, and be carried with the flow toward the effluent ends of these columns. Table 2 summarizes the performance of the different chitin grades tested in the semicontinuous experiment, including average Dehalococcoides 16S rRNA copy numbers.
Conclusions
Results from this laboratory study demonstrate key differences in performance between the commercially available grades of crab shell chitin. The following important conclusions are noted:
• The three grades of chitin tested all supported dechlorination activity in both batch microcosm and semicontinuous column experiments. The number of Dehalococcoides 16S rRNA gene 
